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Abstract 

A clone of Synechococcus isolated from Lake Huron and natural populations of Syn
echococcus from lakes Huron and Michigan were studied in 1989 to examine the diel 
division cycle and to provide estimates of the in situ growth rate based on the frequency 
of dividing cells (FDC) method. Cultured populations of Synechococcus exhibited a con
sistent diel division pattern with a midday /afternoon ( 1100-1800 h) peak in the percent 
of dividing cells. The maximum percent of dividing cells varied among cultures (8-27%) 
and was related to the growth rate. A small fraction of dividing cells (3-5 %) remained 
throughout the dark period, suggesting that some cells were arrested in the doublet stage 
prior to division. The duration of division (td) ranged from 2.6-4.9 h, with a 3.7 h mean 
for cultures with growth rates ~ 0.34 d-1 but increased to 8 h at a lower growth rate of 
0.20 d-1. 

The diel division pattern for natural populations was very similar to the laboratory 
clone; an afternoon peak (1400-2100 h) in dividing cells and a small fraction of divid
ing cells (2-5 %) remained during the dark period. The maximum percent of dividing 
cells for natural populations ranged from ~10 %. In situ growth rates, determined from 
the FDC and assuming a constant td of 3.7 h, ranged from 0.30-0.42 d-1. The FDC 
method may provide accurate estimates of in situ growth, particularly in environments 
where the growth rate is> 0.34 d-1, but in lakes Huron and Michigan where growth rates 
can be lower and td values may increase, FDC-growth rates must be viewed with 
caution. 

1. Introduction 

Chroococcoid cyanobacteria of the genus Synechococcus are important components of 
pelagic ecosystems in both freshwater and marine environments (see review of STOCKNER 
and .ANTI.A 1986). The importance of Synechococcus increases in the more oligotrophic 
environments where it can contribute as much as 95 % to the total primary production 
(lTURRIAGA and MARRA. 1988). In the Laurentian Great Lakes, Synechococcus can contrib
ute as much as 20 % of the primary production during the period of thermal stratification 
(FAHNENSTIEL et al. 1986; FAHNENSTIEL et al. 1991). Because of its importance in many 
environments, there is much interest in its autecology, particularly, with reference to pro
duction, growth and loss rates. Yet, most rate measurements (production, growth, loss, 
etc.) of Synechococcus and other phytoplankton are made in bottles that may produce 
significant containment effects and thus, inaccurate estimates (VENRICK et al. 1977; 
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FAHNENSTIEL and CARRICK 1988). Techniques that do not require incubations in bottles 
are preferred. 

One promising approach for estimating in situ growth rates of individual phytoplank
ton populations is the mitotic index based on the fraction of cells undergoing mitosis 
(MCDUFF and CHISHOLM 1982). For prokaryotic cells such as Synechococcus, in situ 
growth rates can be inferred simply from the frequency of dividing cells. This approach 
has been tested for several marine populations of Synechococcus and appears to be a use
ful technique for estimating in situ growth rates (CAMPBELL and CARPENTER 1986). 

In this study we examined the diel division cycle of an isolate of Synechococcus from 
Lake Huron to determine the feasibility of using the frequency of dividing cells (FDC) to 
estimate in situ growth rates. We also examined the diel division cycle of field populations 
of Synechococcus from lakes Huron and Michigan to provide estimates of in situ growth. 

2. Materials and Methods 

Laboratory Experiments. An isolate of Synechococcus from Lake Huron was used to 
explore the diel division cycle under controlled conditions and to examine the relationship between 
the FDC and growth rate. Several· cultures of this isolate were grown in BG-11 culture medium 
(STANIER et al. 1971) with a 15:9 light: dark cycle and variable light (12, 16, 20, 27, 47, 
75 J.1. Einst · ni.-2 · s-1) and temperature (13, 14, 16, 20°C) levels. Each culture was grown under 
these specific conditions for several generations. A few days (1-3) prior to the start of a diel ex
periment, a fraction (1 0 ml) of the exponentially growing culture was diluted with 140 ml of BG-11 
medium. When the culture resumed log phase growth, as determined by in vivo fluorescence, the 
diel experiment began and picoplankton samples were collected every 1-2 h for 24-48 hand pre
served with glutaraldehyde (1% final cone.) buffered with sodium cacodylate (0.1 M final cone.). 

Preserved samples were kept cold (ca. 5 °C), and replicate slides were immediately prepared and 
frozen (- 20 oq; slides were counted within a week to minimize errors due to fading of auto
fluorescence. Total and dividing Synechococcus cells were enumerated on a Leitz Laborlux epi
fluorescent microscope (excitation = 450 nm). Synechococcus was defined as single (noncolonial) 
cells of approximately 1-J.Lm in diameter, which fluoresced yellow when excited with blue light. 
For enumerating dividing cells, the division phase was defined as the time from which an invagina
tion in the cell wall was evident until two distinct cells could be identified. A minimum of 600 cells 
was enumerated for each sample. Growth rates of these cultures were determined from changes in 
abundance during the experiment. 

The duration of division (t~) was calculated from laboratory experiments of the isolated clone, 
with the following equation: 

(1) 

where n =number of sampling intervals, J.L =growth rate (d-1), and/;= fraction of dividing cells for 
each sampling interval. 

Field Experiments. Field sampling was conducted in northern Lake Huron and southern 
Lake Michigan during the period of thermal stratification (June-October 1989). A Lagrangian sam
pling program was used where water samples for diel experiments were collected in the vicinity of 
a satellite-tracked-drifter of known windage (McCORMICK et al. 1985). Once the drifter was 
deployed, picoplankton samples were collected every 1-2 h with 5-L Niskin bottles. These samples 
were preserved, prepared, and enumerated for both total and dividing Synechococcus cells, as 
described above. Equation 1 was used to estimate in situ growth rates by assuming a td value (from 
laboratory cultures) and solving for J.L. The following assumptions are implied with the FDC tech
nique: (1) all cells are active and (2) td is similar for all cells of the population and does not vary 
with environmental conditions, i.e. growth rate. 
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Temperature was measured with an electronic bathythermograph and bucket thermometer. Chlo
rophyll concentrations were determined fluorometrically on 90% acetone extracts (STRICKLAND 
and PARSONS 1972). 

Small inocula growth (SIG) experiments were used to provide an in vitro estimate of growth. A 
4-L polycarbonate bottle with pre filtered lakewater ( < 0.21..lm, Gelman Mini-Capsule) was inoc

-- ulated with filtered lake water ( < 3 l..lm filtrate, Nuclepore filter) and incubated at ambient light and 
temperature in a decktop incubator for 24 h. Growth rates were calculated from the measured 
changes in abundance within the sample bottle. 

3. Results and Discussion 

A strong diel pattern in the division cycle was noted for all cultures. The percent of 
dividing cells was low during the dark period, increased during the light period, and 
reached a maximum in the afternoon approximately 5-12 h after initial light exposure 
(Fig. 1; Table 1). The maximum number of dividing cells for each experiment ranged 
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Figure 1. Diel pattern of percent dividing cells 
for cultures of a clone of Svnechococcus isolat
ed from Lake Huron and gi-own under different 
light (L, 11 Einst · m-2 · s-1) and temperature (T, 
0 C) regimes. (A) growth rate= 1.05 d-1, T = 14, 
L = 75, (B) growth rate = 0.34 d-1, T = 16, L = 
16, (C) growth rate= 0.67 d-1, T = 14, L = 47, 
(D) growth rate= 0.20 d-1, T = 20, L = 12, (E) 
growth rate = 0.56 d-1, T = ::!0, L = 27, (F) 
growth rate= 0.45 d-1, T = 14, L = 20. Hori-

zontal bar indicates dark period. 
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Table 1. Characteristics of the diel division cycle for laboratory cultures of Synecho
coccus isolated from Lake Huron, e:rown at various temperatures and li aht levels. The 

~ e 
maximum percent of dividing cells (FDC Max.), the time of day of this maximum 

(Time), and the duration of division (td) are indicated for each culture. 

Light Level Temp. Growth rate FDCMax. Time td 
(~inst · m2 · s-1) (oC) (d-1) (%) (h) (h) 

12 20 0.20 12.9/9.9 1300 8.3 
16 16 0.34 8.7 1400 4.2 
20 14 0.45 10.2 1700 4.9 
27 20 0.56 12.1/9.1 1600/1400 2.6 
47 13 0.67 17.0/20.9 1100/1400 3.4 
75 14 1.05 29.1 1200 3.1 

from 8-21% and was related to the growth rate (Fig. 2, y = 3.3X + 0.03, R2 = 0.73, 
p = 0.003). In future studies, this relationship may be used to estimate in situ growth rates 
since it is far easier to sample in the mid-afternoon for the FDC maximum than the entire 
diel cycle. However, the scatter in this relationship at low growth rates will limit its use
fulness. It should be emphasized that this relationship was not used to estimate growth 
rates in this study, rather in situ growth rates were calculated from the total number of 
dividing cells over a 24 h period (equation 1). 
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Figure 2. Growth rate and maximum percent of 
dividing cells for cultures of a Synechococcus clone iso

lated from Lake Huron. 

The diel pattern of dividing cells of our clone is very similar to the patterns observed 
for most other Synechococcus clones that have been studied under laboratory conditions 
(CAMPBELL and CARPENTER 1986; WATERBURY eta/. 1986; .ARMBRUST eta/. 1989). In 
previous studies, the maximum division peak generally occurred in the middle-to-late 
part of the light period, with a strong relationship existing between the maximum percent 
of dividing cells and growth rate. A relatively constant fraction of cells was found to 
remain in the division cycle during the night, suggesting that td was not similar for all 
cells in the populations, as some cells were arrested in the doublet stage prior to division 
(ARMBRUST eta/. 1989). 

The duration of division was relatively similar (2.6-4.9 h) at growth rates of 
0.34-1.05 d-1, but increased to 8.3 h at the lowest growth rate (0.20 d-1, Table 1). The 
mean td for cultures with growth rates of~ 0.34 d-1 was 3.7 h. The relationship we found 
between td and growth rate is remarkably similar to that observed for Synechococcus 
clone WH 7803, where td values were approximately 3 h for cultures with growth rates 
> 0.4 d-1 but increased to as high as 12 h at lower growth rates (CAMPBELL and CAR
PENTER 1986). Because td values varied with growth rate. the FDC technique will be most 
useful when growth rates are~ 0.34-1. 
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Field populations of Syneclzococcus exhibited a similar diel division pattern to the cul
tured clone. The percent of dividing cells was low during the night and increased during 
the day,reaching maximum values during the afternoon/early evening period 
(1400-2100 h) (Table 2; Fig. 3). The maximum percent of dividing cells ranged from 

Table 2. Diel division cycle characteristics and in situ growth rates of natural popu-
lations of Synechococcus from lakes Huron and Michigan during the period of thermal 
stratification. Depth, temperature, maximum percent of dividing cells (FDC Max.), time 

of maximum, and in situ growth rate (eq. 1, td of 3.7 h) are indicated for each sample. 

Lake Date Depth Temp. FDCMax. Time of Max. Growth Rate 
(m) (OC) (%) (h) (d-1) 

Mich. 12/6/89 2 9.2 9.3 1800 0.42 
5 9.2 6.7 1400 0.38 

10 9.0 6.5 2000 0.34 
20 6.0 6.0 1400 0.30 

Mich. un;89 3 19.2 10.3 1700 0.36 
8 19.1 7.0 1700 0.32 

20 6.2 6.8 2100 0.32 

Huron 3on;89 2 20.2 8.5 1600 0.37 
5 20.1 7.4 1800 0.32 

15 12.8 6.2 1800 0.33 

Mich. 13/9/89 5 18.5 6.9 1800 0.37 

Mich. 5/10/89 5 13.2 8.1 1600/1800 0.42 

6.0-10.3 %, which is relatively similar to values for laboratory cultures with growth rates 
of 0.2-0.45 d-1 (Table 1; Fig. 1). A low percentage of dividing cells, 2-5%, was found 
during the night. 

The division cycle observed for the field populations from lakes Huron and Michigan 
was similar to that for Synechococcus populations from coastal marine environments, 
where afternoon/early evening maxima were found (WATERBURY et al. 1986; CARPENTER 
and CAMPBELL 1988), but different from the night time maxima or no-phased division 
cycle observed for populations from the North Atlantic Ocean (CAMPBELL and CAR
PENTER 1986; PREzELIN et al. 1987). Synechococcus populations from the Sargasso Sea 
appear to exhibit a variable diel division pattern (WATERBURY et al. 1986; PREzELIN et al. 
1987). 

The maximum number of dividing cells for populations from lakes Huron and 
Michigan is on the low end of values reported for marine populations and is probably due 
to the lower growth rates of Synechococcus from lakes Huron and Michigan (FAHNEN
STIEL et al. 1991). Our range of maximum percent dividing cells (6-10 %) is lower than 
the values of 10-24%, 10-30%, 8-32%, and 5-15% reported for marine populations by 
CAMPBELL and CARPENTER (1986), WATERBURY et al. (1986), CARPENTER and CAMPBELL 
(1988) and PREzEl.IN et al. (1987), respectively. 

In situ growth rates estimated from the FDC (equation 1), assuming a td of 3.7 h, 
ranged from 0.30-0.42 d-1 (Table 2). Because of the uncertainty of td values at growth 
rates < 0.34 d-1 (Table 1), these in situ rates must be viewed with some caution. The 
assumption of constant td values for all environmental conditions (i.e. growth rates) is 
probably the most troublesome assumption for the widespread use of the FDC technique. 
For all clones of Synechococcus studied to date. the assumption of a constant td cannot be 
justified at low growth rates (Table 1; CAMPBELL and CARPENTER 1986). 
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Figure 3·. Examples of the diel pattern of percent dividing cells for field populations of Synecho
coccus from lakes Huron (LH) and Michigan (LM) during the period of thermal stratification in 

1989. Horizontal bar indicates dark period. 

The other assumptions of the FDC technique (i.e. constant td for all cells within 
population and all cells are active) are probably of lesser concern. A constant frac
tion of cells were arrested during the dark period (Fig. 3) suggesting that td was not 
similar for all cells within the population. However, because the percent of cells 
arrested in the dark was similar for both field and laboratory populations (2-5 %), 
equation (1) should still produce consistent estimates. Although we did not evaluate 
the possibility of dormancy within our populations we do not believe that dormancy is 
a common feature of phytoplankton communities within the euphotic zone. Using 
track autoradiography to estimate species-specific production, we have consistently 
observed that most phytoplankton populations were uniformly labeled (G. FAHNEN
STIEL, unpubl. data). 

Despite the uncertainty regarding low growth rates from the FDC method, our in situ 
estimates were relatively similar to in vitro growth rates from SIG experiments (Table 3; 
paired-t = 0.2, p = 0.86, n = 4). The good agreement among estimates should not be taken 
as unequivocal support for the accuracy of FDC estimates. First, this comparison was 
limited (n = 4 ). Second and probably more important, SIG estimates are likely to be poor 
measures of in situ phytoplankton growth in Lake Michigan. During the period of ther
mal stratification, significant containment effects have been found for incubations lasting 
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Table 3. Comparison of in situ FDC and in vitro SIG growth rates from Lake Michigan 
(FDC growth rates were calculated from eq. 1, td = 3.7 h). 

Date Depth (m) FDC (d-t) SIG (d-t) 

12/6/89 5 0.38 0.34 
nnt89 3 0.36 0.30 
13/9/89 5 0.37 0.57 
5/10/89 5 0.42 0.26 

24 h (FAHNENSTIEL and SCAVIA 1987; FAHNENSTIEL and CARRICK 1988). Thus, the accu
racy of FDC-based growth rates from lakes Huron and Michigan is still open to question, 
particularly at the lowest growth rates. 

4. Summary and Conclusions 

An isolate of Synechococcus from Lake Huron, grown under a variety of light and 
temperature conditions, exhibited a pronounced diel division cycle with an afternoon 
peak in dividing cells. The maximum percent of dividing cells ranged from 8-21 % and 
was related to the growth rate. The duration of division (td) was similar (2.6-4.9 h) at 
growth rates~ 0.34 d-1 but increased to 8 hat a lower growth rate (0.2 d-1). Similar diel 
division patterns (afternoon/early evening maxima in dividing cells) were found for field 
populations of Synechococcus in lakes Huron and Michigan during the period of thermal 
stratification. In situ growth rates calculated by the frequency of dividing cells (FDC), 
assuming a td value of 3.7 h, ranged from 0.30-0.42 d-1. Due to the relatively low growth 
rates of Synechococcus in lakes Huron and Michigan and the uncertainty of td values at 
these low growth rates, the FDC method has potential limitations in lakes Huron and 
Michigan. 
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